The first direct experimental measurements of the scattering of a millimeter-wave beam by plasma blobs in a simple magnetized torus are reported. The wavelength of the beam is comparable to the characteristic size of the blob. In situ Langmuir probe measurements show that fluctuations of the electron density induce correlated fluctuations of the transmitted power. A first-principles full-wave model, using conditionally sampled 2D electron density profiles, predicts fluctuations of the millimeter-wave power that are in agreement with experiments.
The propagation of electromagnetic (EM) waves in turbulent plasmas is of fundamental importance in nature and in laboratories. EM wave scattering by plasma turbulence in the interstellar medium [1] and in the ionosphere [2, 3] must be modeled to correctly interpret the EM emission from celestial bodies. In magnetically confined plasmas, EM waves serve a dual purpose: First, they have a wide application in plasma diagnostics. EM waves emitted in the electron cyclotron (EC) frequency range from the confined region are used to measure plasma parameters [4] . Low-power EM waves in the infrared [5, 6] and in the millimeter-wave (mmw) range [7] [8] [9] are employed to probe plasma turbulence [10] and plasma waves. Second, externally injected EC beams in fusion devices [11, 12] are employed for plasma heating, to drive plasma current and to stabilize neoclassical tearing modes to avoid core confinement degradation and plasma disruptions [13, 14] . In all fusion devices, field-aligned coherent structures generated from the underlying turbulence, referred to as blobs, are present near the plasma edge and are characterized by a local enhancement of the electron density (up to 100% compared to the surrounding environment) [15] . By locally modifying the plasma permittivity, blobs can scatter incoming mmw's. This leads to difficulties in the interpretation of diagnostic signals [16] and to a potential loss of efficiency in EC heating and mode stabilization, as suggested by numerical [16, 17] and analytical [18] studies. Recently, concerns over the possible broadening effect of blobs on EC beams were raised for ITER [19, 20] . The precise amount of EC-beam broadening may strongly depend on the characteristics of the turbulent structures [21] and could reach more than a factor of 2 [17] , complicating the tearing mode stabilization in ITER [19, 22] with the present EC plant design. Experimental measurements of mmw scattering by blobs in fusion plasmas are hampered by diagnostic accessibility and have been, to date, limited to attempts to compare indirectly inferred heating power deposition profiles with predictions of the ray-tracing code TORAY-GA [23] . Direct experimental evidence of scattering-and the induced broadening, which is of fundamental importance for the validation of codes and quantitative predictions-is still missing.
In this Letter, we report on the first direct measurements of millimeter-wave scattering by intermittent blobs in a simple magnetized torus (SMT). The experiments are carried out in the toroidal basic-plasma-physics device named TORPEX [24] . An antenna launches a mmw beam from the top of TORPEX through a plasma featuring blobs with statistical properties similar to those observed in tokamaks [25] . A receiving antenna measures the mmwbeam power arriving at the bottom of the vessel. Using in situ two-dimensional Langmuir probe data, we show that fluctuations of the detected mmw power are caused by fluctuations in the plasma density associated with blobs. A first-principles full-wave numerical model predicts that blobs will scatter the mmw beam by locally modifying the plasma permittivity, at a fluctuation level that is in agreement with the experiments.
In TORPEX (major radius R ¼ 1 m, minor radius r ¼ 0.2 m), a SMT configuration is produced by imposing a vertical magnetic field B z ¼ 2.1 mT on a toroidal magnetic field B y ¼ 74 mT. This results in helical field lines terminating on the bottom and the top of the ring-shaped vacuum vessel, as shown in Fig. 1(a) . Hydrogen plasmas are generated by injecting 300 W of microwave power at 2.45 GHz. Consistent with previous detailed comparisons of numerical simulations and experimental measurements [26] , the plasma is dominated by an ideal interchange wave localized around x ≈ −5 cm, with parallel and perpendicular wave numbers k k ≈ 0 and k z ¼ 2π/Δ ≈ 35 m −1 , respectively. Here, Δ ¼ 2πRB z /B y ≈ 17.8 cm is the vertical displacement of a field line after one toroidal turn. The ideal interchange wave is associated with coherent fluctuations of the electron density at a dominant frequency of ∼4.15 kHz. The spectral power density of the fluctuations at this frequency is maximal at x ≈ −5 cm and decreases with x, falling to ≈10% of its peak value at x ¼ 5 cm. The region defined by x ≳ −5 cm is characterized by the presence of blobs, which are intermittently generated from the ideal interchange wave [27] and propagate radially outwards, i.e., in the direction of increasing x values, into the low-field side region of TORPEX [28] . More details on similar scenarios are given in Refs. [28] [29] [30] [31] [32] .
A blob example is shown in Figs. 1(b)-1(d) , where 2D measurements of the electron density n e are computed from ion-saturation current data obtained using the hexagonal turbulence imaging probe (HEXTIP) diagnostic [33] in combination with triple probe electron temperature measurements [34] . The evaluated density is cross-checked with the experimentally determined location of the upperhybrid resonance [34] . A typical blob has a half-widthhalf-maximum (HWHM) size of a ∼ 2.5 cm for density fluctuations δn e /n e up to 100% and propagates radially at about v x ≈ 10 3 m/s [28] . Here, density fluctuations are defined as δn e ¼ n e − hn e i t , where hn e i t is the timeaveraged density. The time evolution of n e shown in Fig. 1 (e) is obtained in the TORPEX blob region using the probe represented by the white cross [ Fig. 1 
. n e is normalized to n e;c ¼ 1.01 × 10 19 m −3 , the cutoff density of the extraordinary mode (the X mode) of the mmwinjection frequency [12] (see below). Here, n e /n e;c ∼ 10
and, hence, the probing frequency is far from the cutoff. Rapid increases in n e are associated with blobs passing the probe.
For the present experiments, we have developed a dedicated mmw-injection and -detection system. The system is located 90°away in the toroidal direction from HEXTIP, as shown, schematically, in Fig. 1(a) . A lowpower (7 mW) mmw beam at f ¼ 29.7 GHz (wavelength, λ ≈ 10.1 mm in vacuum) is launched in the X mode from the top of the device through a Plexiglas window using a pyramidal horn antenna at x ¼ 5 cm, z ¼ 23 cm. The Xmode component of the mmw transmitted power is detected at the bottom of the device using a pyramidal horn antenna and a Schottky diode. The dimension of the horn is 4.2 cm in the x direction and 5.5 cm in the y direction. The signal is digitized at 250 kHz. The detector can be moved radially, to probe the mmw beam in the range x ∈ ½−3; 12 cm and thus reconstruct the time-averaged radial profile of the detected power, as well as its fluctuations. The resulting profile is a convolution between the radiation pattern of the detector and the transmitted mmw beam. The profile in the absence and in the presence of a plasma is shown in Fig. 2(a) . Both profiles can be approximated by a Gaussian with a HWHM of w 0 ≈ 6 cm.
Figure 2(a) shows that the time-averaged detected profile is not strongly affected by the presence of the plasma. [33] :δn e ðx; tÞ and δPðx ¼ 5 cm; tÞ are positively correlated in some regions and negatively correlated in others. When the cross-correlation is computed with a nonzero time lag between δPðx; tÞ measured at x ¼ 5 cm and δn e ðx; tÞ, the same structures are obtained, but they are shifted vertically. When passing through the beam, blobs are still coherent with the ideal interchange wave located in the region x ≲ −5 cm, which explains the finite value of the cross-correlation measured outside the beam path. Figure 2 (d) thus shows that depending on the spatial location of a blob in the poloidal plane, the blob can reduce (negative correlation) or increase (positive correlation) the power detected at the location of the detection horn. This behavior is explained below with the help of full-wave simulations (see Fig. 4) .
To elucidate the effect of a typical blob on the mmw beam, we perform conditional sampling (CS) [29] of the mmwpower signal and the HEXTIP signals over many blob events with a time window centered around each blob event. Events are defined as local maxima that fulfill the condition n e > hn e i t þ 3σ, with σ being the standard deviation of n e calculated over the entire time trace. All quantities obtained with CS are labeled with a tilde, except τ, which is the time relative to the blob event; τ ¼ 0 μs corresponds to the detection of the blob. Either of the two HEXTIP probesshown in white in Figs. 3(b) and 3(c)-is used for blob detection. Their location is chosen to correspond approximately to the positions of the maximum and minimum values of the cross-correlation in the blob region in Fig. 2(d) . The results of CS of the detected mmw power over N ≈ 1000 events are presented in Fig. 3(a) . Errors in the averaging process are proportional to 1/ ffiffiffiffi N p and are on the order of 10 −4 . The associated variation of power is on the order of ∼0.1%. The results show that blobs detected at the two different vertical locations have a different effect on the locally detected mmw power. At τ ¼ −20 μs, a blob passing through A [ Fig. 3(a) ] increases the mmw power transmitted to the horn. A blob passing at B decreases the detected power. The dependence of the amplitude of the two extrema in Fig. 3(a) upon the density in the range used for CS event selection is addressed in Fig. 3(d) . Several classes of blobs are defined by the condition hn e i t þ mσ < n e < hn e i t þ ðm þ 0.5Þσ, with m ¼ 1, 2, 3. The extrema occur in a time window of þ/ − 20 μs relative to the ones in Fig. 3(a) . Figure 3(d) shows that blobs with larger density fluctuations have larger effects on the mmw-detected power; the sign of the fluctuation depends on the blob location.
Numerical simulations are used to understand the underlying scattering phenomena. The propagation of a mmw in magnetized plasmas is typically modeled in a highfrequency or short-wavelength approximation [35, 36] where ray-or beam-tracing codes provide the trajectory of the mmw refracted by plasma inhomogeneities. For blobs with a typical scale a such that λ/a ∼ 1 (as here), this approximation is no longer valid, and a more recent generalization of this approach [21] or a full-wave model is needed to capture the underlying physics [18] . We use 2D full-wave numerical simulations based on COMSOL MULTIPHYSICS [37, 38] . Since the beam angular frequency ω satisfies ω ≫ j∂ t n e /n e j ≡ T −1 , one can show, by means of a two-scale expansion, that for t in a time interval ½τ; τ þ Δτ, Δτ ∼ T ≫ 2π/ω, the beam is well approximated by the solution of the cold plasma model with electron density frozen at a considered time τ. Within this "frozen-blob" approximation, we can regard the plasma as stationary and thus reduce the cold plasma model to a single equation for the electric field Eðx; ωÞ in the frequency domain, namely, ∇ × ½∇ × Eðx; ωÞ þ ω 2 c 2ε r ðx; ωÞEðx; ωÞ ¼ Sðx; ωÞ; ð1Þ where c is the speed of light in free space, andε r ðx; ωÞ is the cold plasma dielectric tensor [4] computed with the equilibrium magnetic field and with density n e ðx; τÞ frozen at time τ. The source S accounts for the TE 10 mode of the antenna, with the polarization chosen in order to excite the X mode. Equation (1) is solved for a sequence of points in time τ i with Δτ ¼ τ iþ1 − τ i ¼ 4 μs ≫ 2π/ω, thus obtaining a sequence of beams E i ðx; ωÞ corresponding to different density snapshots. The time-resolved 2D profiles of the electron densityñ e ðx; τ i Þ are calculated by applying the CS procedure to the experimental density measurements [Figs. 4(a) and 4(b); the contours] and are used to computê ϵ r . Given that blobs are field-aligned structures with k k ≈ 0 and that magnetic field lines are helical, the 2D electron density profile at the toroidal location of the mmw system is similar to the one measured by HEXTIP (toroidally displaced by 90°from the mmw system), but shifted vertically by Δ/4 ≈ 4.5 cm. In practice, we compute the 2D electron density profile using, as a reference, two probes that are vertically distant [i.e., from A and B; Figs. 3(c) and 3(d)] by Δ/4. Absorbing boundary conditions [37] were used at the edge of the computational domain and give numerical results in agreement with the experiments. Absorbing boundary conditions are thus used in the following. Perfectly reflecting boundary conditions were also used on a larger domain approximating the vacuum chamber cross section, but they did not provide satisfactory results. One reasonable explanation is that mmw's reflecting off of metallic surfaces can, in the real toroidal three-dimensional case, propagate away from the region near the beam and thus dissipate the mmw power. Numerical simulations are compared to experiments in Figs. 4(c) and 4(d). Consistent with the expected systematic uncertainties in n e calculated from ion-saturation data [39, 40] , we estimate uncertainties of the model by bounding the outcome with results obtained using 0. the coefficient ranges between 0.45 and 0.90 for the red and blue curves, respectively, in Fig. 4(c). Figures 4(a) and 4(b) show the fluctuation δjẼ i ðx; ωÞj of the electric field of the mmw beam associated with the two configurations of electron densities described above. In the two cases presented here, a blob defracts the beam as detailed in Refs. [38, 41, 42] . In Fig. 4(a) , the blob is at the center of the mmw beam (i.e., x ¼ 5 cm). Defocusing of the mmw beam occurs in the wake of the blob and causes a decrease of the detected power at the beam center [the blue lines in Fig. 4(c) ]. The power is spread out, which results in an increase in power density and transmission at the beam edges, as shown in red in Fig. 4(c) . Figure 4 (b) presents another situation where the blob is located at the beam edge. Only part of the beam is defocused. The beam power at the edge is refracted to the center, resulting in an increase of the power detected at the beam center, as shown in blue in Fig. 4(d) . Here, the structure with negative fluctuations of the electron density also contributes to the partial focusing of the beam.
In summary, we presented in this Letter the first experimental results of mmw-beam scattering by blobs of size a comparable to the beam wavelength λ in a simple magnetized toroidal plasma. To our knowledge, and compared to similar previous experiments [7] [8] [9] , this is the first successful attempt to understand mmw scattering using in situ electron density measurements. Combining these measurements with first-principles full-wave numerical simulations, we showed that electron density fluctuations associated with plasma blobs, with δn e values as small as ∼10 −3 n e;c , defocus the mmw beam in the wake of the blob structures, resulting in mmw-power fluctuations that increase monotonically with the blob amplitude. These results represent an important test case for validating numerical simulations and the theory of millimeter-wave propagation in turbulent plasmas-particularly for predicting EC-beam broadening in ITER, where the λ/a ratio is expected to be similar to the one in this Letter, according to blob stability estimates [15] . In ITER, density fluctuations, predicted at the level δn e / n e;c ∼ 1% [21] , would further increase the scattering effect. Finally, we established a reliable methodology bringing together experimental data and numerical simulations which will be applied to fusion plasmas, starting with the Tokamakà Configuration Variable (TCV) tokamak, where EC-beam scattering investigations have recently begun [43] .
